The formation of the three lineages of the mouse blastocyst provides a powerful model system to study interactions among cell behavior, cell signaling, and lineage development. Hippo signaling differences between the inner and outer cells of the early cleavage stages, combined with establishment of a stably polarized outer epithelium, lead to the establishment of the inner cell mass and the trophectoderm, whereas FGF signaling differences among the individual cells of the ICM lead to gradual separation and segregation of the epiblast and primitive endoderm lineages. Events in the late blastocyst lead to the formation of a special subset of cells from the primitive endoderm that are key sources for the signals that establish the subsequent body axis. The slow pace of mouse early development, the ability to culture embryos over this time period, the increasing availability of live cell imaging tools, and the ability to modify gene expression at will are providing increasing insights into the cell biology of early cell fate decisions.
INTRODUCTION
The development of the mammalian blastocyst provides an excellent model system for studying the relationship between cellular morphogenesis and cell fate. During the first 4 d of development in the mouse, a single-cell zygote undergoes a series of cleavage cell divisions and morphogenetic changes to form a fluid-filled epithelial vesicle enclosing a compact group of cells, the inner cell mass (ICM) . By this late blastocyst stage of development, the outer epithelium is committed to form the trophectoderm (TE), which subsequently gives rise to the trophoblast layers of the placenta and the trophoblast giant cells. Within the inner cell mass, there has been a further separation into two cell types, primitive endoderm (PE) and epiblast (EPI). The epiblast cells are the pluripotent cell lineage of the blastocyst, giving rise to all of the primary germ layers of the fetus and its extraembryonic membranes, whereas the primitive endoderm primarily gives rise to the endoderm layer of the extraembryonic yolk sacs. Extensive lineage analysis and experimental studies using chimeric embryos over many years have precisely established the prospective fate of these cell types. Restriction of cell fate takes place over an extended time period of 48 h from the 8-cell stage, when all cells are capable of forming all three cell types. By the late blastocyst stage, cells are irreversibly committed to the three distinct lineages. These studies have been extensively reviewed elsewhere and are only summarized here (Fig. 1A) .
During preimplantation development, a series of important morphogenetic events occurs that are tightly linked to the lineage events of blastocyst development:
1. The first of these events is compaction of the embryo, in which the embryo surface smoothens because of an increase in intercellular adhesion. Concomitant with compaction, cells of the embryo undergo apical-basal polarization, a process that is characterized by the apical enrichment of actin and clathrin in the cytoplasm and glycoproteins and microvilli on the cell surface Handyside 1980; Reeve and Ziomek 1981; Pratt et al. 1982; Maro et al. 1985) .
2. The next phase of development from 16 to 32 cells involves the development of an outer polarized epithelial monolayer, enclosing a group of apolar cells. The maturation of tight junctions between outer cells at embryonic day 3.5 (E3.5) ( 32-cell stage) enables the generation of a large fluid-filled cavity within the early embryo known as the blastocoel (Fleming and Johnson 1988; Fleming et al. 2000) .
3. With blastocoel formation, the embryo transitions into the "blastocyst" phase of development. The eccentric placement of the ICM at one end of the blastocyst demarcates two populations of cells within the TE. The polar TE overlays the ICM, whereas the mural TE encompasses the blastocoel cavity.
4. The final event in blastocyst formation is the segregation of a monolayer of primitive endoderm on the blastocoelic surface of the ICM by E4.5, enclosing the remaining pluripotent epiblast progenitors. By this stage, the embryo is ready to implant in the uterus, and the complex events leading to axis formation and gastrulation begin.
5. Recent studies have revealed the regionalization of a group of cells in the primitive endoderm of the blastocyst and the visceral endoderm (VE) of the postimplantation embryo that give rise to a specialized population of cells endowed with signaling function (Fig. 1B ) (Takaoka et al. 2006 (Takaoka et al. , 2011 Takaoka and Hamada 2012) . These findings highlight the possibility that the positioning of these cells, which act as a source of morphogenetic signals, may endow tissue asymmetry in the blastocyst and consequently heralds the specification of the body axis.
In this article, we review the transcriptional networks for lineage restriction, the molecular pathways underlying cell signaling and cellular morphogenesis in the early embryo, and the growing knowledge of the intimate linkage between the two.
LINEAGE SPECIFICATION IN THE BLASTOCYST: TRANSCRIPTIONAL NETWORK CONTROL
There has been considerable progress in recent years in identifying the transcription factors (TFs) and their regulatory interactions that are required for maintenance of lineage specification. Here we focus on a few transcription factors that have key roles in the segregation of the blastocyst lineages. Data on a selection of transcription factors that play a role in extraembryonic lineage maintenance are summarized in Table 1 . Factors involved in the pluripotent epiblast lineage are summarized in Nichols and Smith (2012) . Consistent with the known gradual restriction of cell fate during preimplantation development, many TFs are broadly expressed during early development and only become restricted to lineage around the time of lineage specification. For example, expression of the transcription factor Oct4 is apparent in all cells from oocyte on, but only becomes restricted to the ICM after E3.5 (Palmieri et al. 1994; Dietrich and Hiiragi 2007) . It has been suggested that differences in the kinetics of Oct4 nuclear activity may predict future ICM fate during cleavage stages, although the mechanism of such predisposition is unclear (Plachta et al. 2011) . Oct4 is, however, a key player in the generation of ICM versus TE fate. Embryos lacking the Pou5f1 gene that encodes Oct4 generate an ICM that expresses TE markers (Nichols et al. 1998; Ralston et al. 2010) . In addition, loss of Oct4 in embryonic stem (ES) cells (an in vitro model of early EPI) leads to differentiation into trophoblast stem (TS) cells (an in vitro model of trophectoderm) (Niwa et al. , 2005 . Mutations in other players in the pluripotent TF network in ES cells (e.g., Sox2, Nanog, Klf5) disrupt epiblast formation but do not default to a TE fate (Avilion et al. 2003; Mitsui et al. 2003; Chambers et al. 2007; Ema et al. 2008; Lin et al. 2010) .
Among the genes up-regulated when Oct4 is lost in the blastocyst or in ES cells is the caudal homeodomain Figure 1 . Overview of mouse peri-implantation development. (A) Preimplantation stages. Blastomeres undergo compaction and apicobasal polarization at the 8-cell stage. By embryonic day 3.5 (E3.5), the embryo forms a blastocyst. At E3.5 the trophectoderm (TE) is a single-cell polarized epithelium on the surface of the embryo, while the inner cell mass (ICM) consists of a mass of apolar cells eccentrically located in the blastocyst interior. (B) Early postimplantation stages. By E4.5, the epiblast (EPI) and primitive endoderm (PE) layers have clearly segregated in the ICM, and the embryo is ready to implant in the uterus. After implantation, the TE elaborates into extraembryonic ectoderm, the ectoplacental cone, and trophoblast giant cells, whereas the PE further differentiates into the visceral endoderm (VE), parietal endoderm, and specialized subpopulations of VE: first the distal visceral endoderm (DVE) at E5.5, and subsequently the anterior visceral endoderm (AVE) at E6.5.
Establishing Blastocyst Cell Lineages
Cite this article as Cold Spring Harb Perspect Biol 2012;4:a008235 Nakagawa et al. 2008; Niwa et al. 2009; Lin et al. 2010 gene, Cdx2. Cdx2, in turn is required to promote TE and block pluripotent fate. Cdx2 expression is initiated at low levels in most cells of the embryo from the 8-cell stage on, but becomes up-regulated and restricted exclusively to outer TE progenitors at the late morula/early blastocyst, before Oct4 is restricted to the ICM (Dietrich and Hiiragi 2007; Ralston et al. 2010 ). Loss of this transcription factor leads to the ectopic expression of ICM markers in the TE and an inability to sustain TE development ). In addition, ectopic expression of Cdx2 in ES cells induces TS cell differentiation (Niwa et al. 2005) . The early restriction of Cdx2 expression along with its role in inhibiting the expression of ICM specific transcription factors in the TE indicates that Cdx2 is an essential factor for the divergence of TE and ICM lineages. Two other TFs, Eomes and Gata3, also show TE-restricted expression by the blastocyst stage (Ciruna and Rossant 1999; Home et al. 2009 ). Knockout of Eomes leads to failure of TE proliferation downstream from Cdx2 (Russ et al. 2000) , but Gata3 appears to function in a parallel pathway to Cdx2 (Ralston et al. 2010) . All three factors are downstream from the activity of the TEA domain transcription factor Tead4 (Yagi et al. 2007; Nishioka et al. 2008) . In Tead4 mutant embryos, Cdx2 expression is almost completely lost, and embryos fail to form any functional TE cells.
Unlike the strict relationship between cell position and cell fate leading up to ICM versus TE formation, within the ICM there does not seem to be a strict relationship between cell position and future cell fate. Rather, all ICM cells begin by coexpressing markers of both EPI and PE lineages, such as Nanog and Gata6, and segregation of expression occurs gradually as the ICM matures ( Fig. 2A) (Chazaud et al. 2006; Kurimoto et al. 2006; Plusa et al. 2008; Guo et al. 2010) . Individual ICM cells show restricted expression of either EPI or PE markers by the expanded blastocyst stage, without any clear spatial association with the future position of the EPI or PE layers (Chazaud et al. 2006; Plusa et al. 2008) . However, cells are not committed to either cell fate until the late blastocyst when the segregation of the PE and EPI is complete (Gardner and Rossant 1979; Artus et al. 2011; Grabarek et al. 2012) . The functional roles of the different TFs involved in specifying EPI versus PE fate are not so well worked out as for the ICM/TE decision. Knockout of the pluripotency factor Nanog leads to eventual loss of both EPI and PE (Mitsui et al. 2003; Silva et al. 2009 ), but loss of PE is cell non-autonomous as shown by its rescue in chimeras (Messerschmidt and Kemler 2010) . This suggests that Nanog-expressing cells secrete a factor required for PE formation. Further analysis of Nanog loss of function in the ICM showed that initial expression of Gata6 occurs in Nanog-negative cells, but downstream expression of PE Transcription factors are divided into sections appropriate to the tissue in which they appear to function.
Cite this article as Cold Spring Harb Perspect Biol 2012;4:a008235 markers such as Gata4 and Sox17 requires the presence of wild-type cells (Frankenberg et al. 2011 ). This suggests a sequential process in which initiation of Nanog and Gata6 is cell autonomous, but stabilization of the PE phenotype requires induction of Gata4 and Sox17 by a signal derived from the Nanog-expressing cells. There is much genetic and pharmacological evidence to identify the signal as Fgf4, as is discussed below. However, the genetic evidence for the hierarchy of TFs involved in PE formation is less clear-cut. Overexpression of either Gata6 or Sox17 in ES cells can drive primitive endoderm differentiation cell autonomously (Fujikura et al. 2002; Shimoda et al. 2007; Shimosato et al. 2007; Niakan et al. 2010) . However, individual knockout of either gene does not result in absence of PE formation at the blastocyst (Morrisey et al. 1998; Koutsourakis et al. 1999; Kanai-Azuma et al. 2002; Shimoda et al. 2007 ).
For both Gata6 and Sox17, there are related family members (Gata4 and Sox7) whose expression colocalizes during blastocyst formation (Koutsourakis et al. 1999; Plusa et al. 2008; Artus et al. 2011 ). Redundancy of function among all these genes may explain the lack of early phenotype in single mutants.
THE RELATIONSHIP BETWEEN MORPHOGENESIS, CELL SIGNALING, AND LINEAGE ALLOCATION IN THE PREIMPLANTATION EMBRYO

ICM versus TE
The progressive up-regulation of expression of genes like Cdx2 and Gata3 in outer cells of the morula/early blastocyst, before the time of final lineage restriction, supports decades-old models that propose cell position and/or cell polarization as the primary cues directing TE versus ICM fates. Initial evidence for cell position as the primary cue for divergence of TE and ICM came from experiments in which 4-and 8-cell blastomeres were dissociated and cultured (Tarkowski and Wroblewska 1967) . The investigators observed that as the volume of the embryo decreased, proportionately more cells ended up on the embryo surface and took up a TE fate, while fewer ended up in the embryo The ICM of the early blastocyst is made up of both EPI (blue) and PE (green) progenitors that express either Nanog or Gata6, respectively. Cell sorting and apoptosis promote proper segregation of PE and EPI to the surface and interior of the ICM. (B) Differential Fgf4/Erk signaling promotes adoption of PE versus EPI fate. Gata6 expression is initiated in a Nanogindependent, but Erk-dependent fashion in the early ICM. In the early blastocyst, Nanog-positive cells secrete Fgf4 ligand, which reinforces Gata6 expression and promotes PE fate in signal-receiving cells. Addition of excess exogenous Fgf4 pushes all ICM cells toward PE fate, whereas inhibition of Fgf/Erk pushes all ICM cells toward EPI fate. Gata6 and Nanog repress one another to promote PE or EPI fate. Gata6 initially promotes PE fate downstream from FGF signaling, but its expression subsequently becomes FGF independent.
R.O. Stephenson et al. interior. The investigators thus proposed that the position of a cell in the embryo determines its fate. This proposal has come to be known as the "inside-outside hypothesis" or the "position hypothesis," and has been supported by many experiments showing that changing a cell's position during cleavage stages can affect subsequent fate.
Experiments largely from the group of Martin Johnson in the 1980s proposed a variation on the inside-outside hypothesis known as the polarity model. This derived from the fact that mouse blastomeres undergo de novo apicobasal polarization, beginning at the 8-cell stage. At the 8-cell stage, all cells begin to polarize, and the apical domain that is formed at this stage is stable in isolated cells or during cell division (Burgoyne and Ducibella 1977; Johnson and Ziomek 1981b) . Stability of the apical domain would enable cells to produce either two outer polar daughters or one outer polar and one inner apolar daughter, depending on the orientation of cleavage during the 8-16 and 16-32 cell divisions (Johnson and Ziomek 1981a; Balakier and Pedersen 1982; Pedersen et al. 1986; Fleming 1987) . The final outcome would be a blastocyst in which the apolar inner cell mass cells have been generated by polarized cell divisions at either the 8-16 or the 16-32 cell stage. Outer polarized cells would form the mature tight-junction coupled epithelium of the TE (Johnson and Ziomek 1981b) .
The features of polarization in the embryo share many similarities with those of mammalian epithelial cell lines (Ohno 2001; Goldstein and Macara 2007) . Ezrin, Pard6b, and the aPKCs (PKCz and PKCl/i) are localized to the apical region of polarized blastomeres, and Par-1, Jam-1, and Na/K ATPase are found in the basolateral region, at regions of cell-cell contact (Wang et al. 1990; Louvet et al. 1996; Pauken and Capco 2000; Barcroft et al. 2004; Thomas et al. 2004 ). Actin and myosin are both enriched in the apical region at the 8-cell stage and subsequently (Sobel 1983a,b; Fleming et al. 1984) . Despite apparent similarities in the polarization of mammalian cell lines and early blastomeres, there are important differences. Although E-cadherin-mediated contacts are required for epithelial polarity, early blastomeres are capable of generating an apical domain in the absence of any cell contact (i.e., in isolated blastomeres) (Ziomek and Johnson 1980; Johnson et al. 1986 ). In embryos completely lacking E-cadherin, cells do express apical markers, but the correct segregation of apical and basolateral domains is disrupted (Stephenson et al. 2010) . Another striking difference between the polarization of mammalian cell lines and preimplantation blastomeres is the axis of polarization. In MDCK or Caco-2 cell lines (kidney and colorectal cells, respectively), epithelial cysts form when cells are cultured in three-dimensional (3D) matrices. The apical domain forms in the core of the cyst, and the basolateral domains of cells make up the surface of the cyst (Jaffe et al. 2008) . However, the polarity of MDCK cells is inverted when aggregates are generated in suspension culture (rather than in Matrigel). Here the apical domain forms on the surface of the cyst, much like in blastocysts (Wang et al. 1990 ).
The other striking difference between epithelialization in cell lines and in the early embryo is that epithelial cysts are hollow, whereas the mouse embryo has an outer layer of polarized cells and an inner group of apolar cells that do not express the apical domain markers. Johnson proposed that individual blastomeres would divide symmetrically or asymmetrically dependent on whether the mitotic spindle was parallel or perpendicular to the apical domain. Symmetric divisions would split the stable apical domain and generate two polar cells, whereas asymmetric divisions would generate an outer polar and an inner apolar cell. Although there is no predetermined ratio of asymmetric versus symmetric divisions at each division round, the embryo somehow adjusts the proportions of cells to end up with a fairly consistent number of ICM and TE cells at the blastocyst stage (Fleming 1987) . In more recent years, as imaging techniques have improved, the strict relationship proposed between inheritance of the apical domain and TE formation has become more nuanced. It has been shown that the mitotic spindle orientation is not strictly regulated (Dard et al. 2009 ) and that cells can divide in different orientations and still go on to generate inner and outer cells (McDole et al. 2011) . Cell shape and mechanical forces seem to play a key role in ensuring the final disposition of inner and outer cells. In isolated cell pairs, a polar cell will engulf an apolar cell, and surface cells will re-sort to the surface when placed in inner positions in blastomere aggregates Johnson and Ziomek 1983; Surani and Handyside 1983) . This property, when translated to the intact embryo, will ensure that cells will distribute correctly to inner or outer positions regardless of their initial location after cell division. This sorting of cells to inner and outer compartments likely reflects their physical properties, rather than any early commitment of cell fate to TE or ICM. In support of this, recent work suggests that surface cells from 16-cell embryos and even 32-cell embryos can contribute exclusively to the ICM lineage if they are aggregated with large numbers of tetraploid cells (Tarkowski et al. 2010) . A single blastomere of the 32-cell embryo can even generate an entire E9.5 embryo.
In many ways, the distinction between the position hypothesis and the polarity hypothesis is an artificial one. It is the formation of an outer polarized epithelium that ensures the development of an increasingly stable inside environment in the embryo, allowing differential signaling dependent on cell position. Recent evidence that the Hippo
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Cite this article as Cold Spring Harb Perspect Biol 2012;4:a008235 signaling pathway plays a key role in driving ICM versus TE fate provides the potential mechanism to link the two hypotheses. Expression of Cdx2 and formation of the TE is absolutely dependent on the transcription factor Tead4 and its coactivator partner, Yap1 (Yagi et al. 2007; Nishioka et al. 2008 Nishioka et al. , 2009 . Although Tead4 and Yap1 are expressed in all of the cells of the preimplantation embryo, Yap1 is only localized to the nucleus in the developing outer cells, overlapping with Cdx2 expression (Nishioka et al. 2009 ). Yap1 was shown to be phosphorylated by activity of the Hippo signaling pathway kinase, Lats1/2, in the inner cells, leading to Yap1 cytoplasmic sequestration and hence absence of Tead4 activity in inner cells (Fig. 3) (Nishioka et al. 2009 ). This posttranscriptional method of ensuring the restricted expression of Cdx2 can explain the initiation of cell fate specification leading up to the blastocyst. The inhibition of TE versus ICM by the reciprocal action of Cdx2 and Oct4 at the blastocyst stage provides the means of ensuring ongoing lineage restriction (Niwa et al. 2005) .
The close association between restriction of Yap1 nuclear localization, Cdx2 expression, and formation of the outer polarized epithelium raise the question of whether there is a causal link between cell polarity, epithelium formation, and TE cell fate. A recent study of embryos lacking both maternal and zygotic E-cadherin confirmed that an organized polarepithelium cannot be formed in the absence of E-cadherin. However, Cdx2 was expressed in the resulting aggregates of cells, with an increased rather than decreased proportion of cells showing Cdx2 versus Oct4 expression (Stephenson et al. 2010) . Furthermore, there were very few cells in these mutants where Yap was excluded from the nucleus, suggesting that in the absence of cell adhesion and an organized outer epithelium, there is no activation of Hippo signaling. Thus, the main role of the polarized outer epithelium could be simply to ensure that inner cells are maintained in a stable environment long enough to activate Hippo signaling and block Cdx2 expression.
However, other studies have shown a direct link between apical-basal polarization and cell specification. Notably, disruption of the activity of proteins localized to the apical pole, Par-3, and PKCl can direct the progeny of early blastomeres preferentially to the inside of the embryo (Plusa et al. 2005) . Knockdown of Pard6b RNA also reduces Cdx2 expression in outer cells, suggesting that polarization is upstream of lineage-specific transcription factor expression (Alarcon 2010) . In addition, when inner apolar cells are isolated, they can repolarize (Johnson and Ziomek 1983; Eckert et al. 2004 ) and re-express Cdx2 (Suwinska et al. 2008; Stephenson et al. 2010) , again supporting this close correlation between polarity and lineage specification.
In Cdx2 mutants, initial polarization occurs, but the outer polarized epithelium fails to be maintained, suggesting that Cdx2 is not required to initiate polarity . Although recent studies suggest the existence of maternal Cdx2, they disagree whether it plays a further role in preimplantation development (Jedrusik et al. 2010; Wu et al. 2010) . Another study has suggested that increased expression of Cdx2 could polarize cells and bias them toward TE fate, whereas reduced expression of Cdx2 led to blastomeres being preferentially allocated to the ICM (Jedrusik et al. 2008) . However, no similar bias was observed when Cdx2 mutant blastomeres were mixed with wild-type cells in chimeric aggregates (Ralston and Rossant 2008) . It is therefore still unclear whether polarization drives the TE differentiation program or whether Cdx2 expression drives morphogenetic changes associated with TE fate.
It has also been suggested that there may be intrinsic biases even earlier in development that could predispose cells to become ICM or TE. At the 4-cell stage, all blastomeres from one embryo were dissociated and each found to be capable of generating TE, EPI, and PE when aggregated with carrier blastomeres (Kelly 1977) . Owing to the extreme technical difficulty of this experiment, however, it has not been replicated using blastomeres from embryos at the 8-cell stage onward. More recent experiments have suggested that individual blastomeres at the 4-cell stage might have different potentials. More specifically, a particular 4-cell blastomere, defined by its position during cleavage to the 4-cell stage, is reported to show a bias toward the mural TE (Piotrowska-Nitsche et al. 2005 ). Four-cell blastomeres that contribute primarily to mural TE were found to express higher levels of Cdx2, lower levels of Nanog, and have lower levels of histone arginine methylation than their sisters (Torres-Padilla et al. 2007a; Jedrusik et al. 2008) . It has been proposed that increased levels of Carm1, the histone arginine methyltransferase, lead to reduced expression of apical markers and thus promote inner cell localization (Parfitt and Zernicka-Goetz 2010) .
Although all of these studies implicate a close association between cell polarity and cell fate, the exact mechanistic interaction between cell polarity, Hippo signaling, and cell fate remains to be determined (Fig. 3) . There is a complex interplay between activation of the Hippo signaling pathway and apicobasal polarity proteins in both Drosophila and mammalian epithelial cells (Genevet and Tapon 2011) . Cell shape, extracellular matrix rigidity, and the tension of the actomyosin cytoskeleton have also been implicated in regulating Yap nuclear localization (Dupont et al. 2011; Wada et al. 2011) . Given the known association between cell morphology, cell engulfment, and the generation of the inner and outer cell populations, there is clearly need for more analysis of the relationship between the physical events of compaction and epithelium formation and the downstream events that localize Yap. Further studies on the involvement of the various upstream components of the Hippo signaling pathway, such as Merlin, expanded, Fat and Dachsous, are under way and should reveal more of the complex interplay between cell polarity, cell contact, cell position, and cell fate in blastocyst development.
Segregation of EPI and PE
Although cell position clearly plays a role in directing cells to ICM versus TE fates and in constraining the number of cells to these respective compartments, the next lineage decision appears to be undertaken in a much more stochastic manner. There is increasing evidence that FGF signaling levels received by individual ICM cells determine the likelihood of a cell becoming EPI or PE (Fig. 2) . Although there is no single TF mutation that causes complete absence of the PE, loss of the adaptor protein Grb2, which links receptor tyrosine kinases (RTKs) to the Ras-MAP kinase signaling pathway, does cause such a phenotype (Cheng et al. 1998) . In Grb2 2/2 blastocysts, ICM cell number is normal but all cells express EPI markers, like Nanog, and no expression of Gata6 is observed (Chazaud et al. 2006 ). This suggests strongly that RTK signaling through the Ras-MAP kinase pathway is required to initiate PE gene expression in the ICM. Several pieces of evidence suggested that the candidate upstream RTK signal is Fgf4 acting through Fgfr2. Both genes are expressed in the developing ICM, and their expression is seen to segregate to EPI and PE progenitors, respectively, by single-cell PCR analysis as the ICM matures (Kurimoto et al. 2006; Guo et al. 2010) . Mutation of Fgf4 leads to peri-implantation defects in the ICM with reduced PE development (Feldman et al. 1995;  Establishing Blastocyst Cell Lineages Cite this article as Cold Spring Harb Perspect Biol 2012;4:a008235 Goldin and Papaioannou 2003) . Fgfr2 mutant mice fail to generate PE (Arman et al. 1998 ). Inhibitor treatments targeting either FGF receptors or the downstream MAP kinase pathway phenocopy the loss of Grb2 Yamanaka et al. 2010 ). All of this suggests that FGF signaling through the Ras-MAP kinase pathway is necessary for PE formation. However, this could be a permissive signal allowing the initiation of PE development. Evidence for an instructive role for FGF signaling was provided by the demonstration that incubation of blastocysts in excess levels of Fgf4 could produce the opposite phenotype, namely, turning all ICM cells into PE progenitors with loss of EPI cells . Careful timed treatments showed that the window of sensitivity to excess Fgf or Fgfr inhibition was concomitant with the period when the ICM cells were gradually shifting toward lineage-restricted gene expression Frankenberg et al. 2011 ). This suggests that the ICM cells are individually responding to local FGF levels in the blastocyst by differentiating into EPI or PE cells. Recent work has confirmed Nanog-positive EPI progenitors as the source of Fgf4 signal (Frankenberg et al. 2011) . Thus in Nanog mutant embryos, PE fate is initiated in the ICM, but because of the absence of Fgf4 production, mature PE is not formed. This defect can be rescued by the incorporation of wild-type cells into Nanognull blastocysts (Messerschmidt and Kemler 2010; Frankenberg et al. 2011) . How this signal is translated into downstream restriction at the transcription factor level is currently unknown. Downstream from this initial variable response to FGF levels, cells must also activate pathways that lead to differential cell surface properties of the EPI and PE cells, so that the initial mosaic, stochastic response to local FGF signals can be translated into segregation of the final committed EPI and PE lineages. Candidate downstream genes include Dab2 (Yang et al. 2002) , Maspin (Gao et al. 2004) , Lamc1 (Murray and Edgar 2001) , and Itgb1 (integrin b1) (Stephens et al. 1995) , whose mutant phenotypes leave PE-like cells scattered within the ICM.
Although the formation of the EPI and PE progenitors is not initiated in a strict position-dependent manner, the processes of polarized cell divisions that lead up to blastocyst formation may play a role in biasing inner cells toward either EPI or PE fate. One of the puzzles of the current model whereby individual cells in the ICM respond to local levels of FGF to become EPI or PE is to explain how initial mosaicism of FGF signal can be achieved. It is certainly possible that this is entirely stochastic; several models of stochastic gene expression leading progressively to stable differences in gene expression have recently been proposed (Chickarmane and Peterson 2008; Enver et al. 2009; Hallen et al. 2011) . However, it is also possible that inner cells are biased toward EPI or PE, dependent on whether they entered the inner region at the 8-16 or 16-32 cell division. Given that the outer cells are maturing toward a fully functional polarized epithelium over this time period, one could envisage that inner cells generated at the two cleavage divisions could inherit different starting levels of FGF receptors or ligands and thus be biased toward being a source or a responder of the key FGF signal. Two recent studies used lineage-tracing techniques to address this issue. One found that the first round of inner cells could contribute equally to EPI or PE but that the second round of cells was biased toward PE (Morris et al. 2010) . Using a different approach, the second group could not detect any clear bias toward one cell type or another . Regardless of why the results were different, in both studies, there was no evidence of rigid lineage-driven differentiation. In addition, because manipulating FGF levels at the blastocyst stage can totally shift cell fate, any bias associated with cell lineage can readily be overridden. Clearly, more work is needed to explain how the intriguing mosaicism of progenitors in the ICM is established and transformed into the appropriate restricted cell layers in an orderly manner.
RELATIONSHIP OF CELL FATES AND THE ARCHITECTURE OF THE BLASTOCYST WITH THE PATTERNING OF THE POSTIMPLANTATION EMBRYO
Emergence of the Proximal-Distal Axis
The acquisition of different lineage properties and the segregation of epiblast and primitive endoderm transform the architecture of the ICM. It now consists of a cellular cluster closely apposed to the polar trophectoderm and an epithelium facing the blastocyst cavity. The diametric axis spanning from the ICM and the non-ICM side of the blastocyst constitutes the embryonic-abembryonic (Emb-Abemb) axis of the blastocyst. Following implantation into the uterine tissue, the polar trophectoderm, epiblast, and the primitive endoderm grow into the blastocyst cavity to form a cylindrical embryo, the egg cylinder (Fig. 1B) . The EmbAbemb axis of the blastocyst thus becomes the proximal (the pole with the TE-derived ectoplacental cone)-distal axis (PD axis) of the egg cylinder. The epiblast undergoes cavitation and epithelialization and is reconfigured into a laminar tissue enclosing a central ( proamniotic) cavity (Rossant and Tam 2009 ).
Asymmetry of the Blastocyst: Readout of Embryonic Patterning?
The mouse blastocyst is not perfectly spherical but is asymmetrical in its shape (laterally flattened), the position of the R.O. Stephenson et al. ICM in the embryonic pole (off center of the Emb-Abemb axis), the shape of the ICM (lopsided), and the position of the remnant of the second polar body (orthogonal to the Emb-Abemb axis) (for review, see Rossant and Tam 2009) . It is still not clear if any of these structural asymmetries has any bearing on the determination of the PD or transverse axes of the egg cylinder or the primary body axes (DV, anterior-posterior: AP; left -right: LR) of more advanced postimplantation embryos. The relationship of the position of the second polar body to the axes of the egg cylinder has been examined by tracing the distribution of the clonal descendants of ICM cells that are localized near or away from the polar body (Weber et al. 1999) . When embryos were harvested and examined at different times of intrauterine development following blastocyst transfer, visceral endoderm clones of ICM cells near or away from the polar body were found to be localized differentially in the PD and transverse planes of the egg cylinder. It was suggested that the axis that is orthogonal to the Emb-Abemb axis and marked at one pole by the polar body may be the forerunner of the PD axis of the egg cylinder (Weber et al. 1999) , which is re-aligned subsequently with the AP axis of the embryo (Beddington and Robertson 1999) . A potential caveat of the interpretation of these findings is that the position of the clone relative to the putative axes of the egg cylinder was judged by the shape of the embryo. It has been shown that the morphology of the egg cylinder is not a reliable readout of the orientation of the AP axis of the embryos (Rossant and Tam 2009 ). In particular, the shape of the egg cylinder in the transverse plane changes during pre-gastrulation development, such that the putative AP axis aligns first with the short and then with the long diameter of the transverse plane of the egg cylinder (Mesnard et al. 2004; Perea-Gomez et al. 2004; Tam 2004; Guo and Li 2007) . Before any conclusion can be made of the relationship between the polar body-defined axis and the embryonic axis, these experiments would have to be revisited by assessing the spatial distribution of the clones using the domain of expression of genetic markers that are expressed asymmetrically in the egg cylinder (Pfister et al. 2007 ) as the reference landmark.
Regionalized Genetic and Signaling Activity in the Blastocyst
Within the epiblast and primitive endoderm, cells appear to display no discernible regionalized expression of genes coding for lineage-specific transcription factors, for example, Oct4, Nanog, Gata4, Gata6, and Sox17. However, individual cells may express varying levels of genes coding for factors or mediators of signaling activity, for example, Pdgfra, Fgf4, Fgfr2, Lefty1, Nodal, Wnt9a, and b-catenin. It is therefore possible that cells in the epiblast and the primitive endoderm may be subject to varying levels of signaling activity that may underpin tissue patterning pertaining to axis determination. With the exception of Lefty1-and Cer1-expressing cells, no detailed information is available on the localization of cells in the epiblast or primitive endoderm that may be engaged with signaling activity. Cells expressing Lefty1 or Cer1 are initially dispersed among the ICM cells, and these early Lefty1
+ cells are not committed to PE. A second wave of Lefty1 + (and Gata6 + ) cells is subsequently confined to the primitive endoderm (Torres-Padilla et al. 2007b; Takaoka et al. 2011) . It is likely that these cells are sorted from epiblast cells along with other cells that are fated to become primitive endoderm (Meilhac et al. 2009; Artus et al. 2011 ). In the primitive endoderm, Lefty1
+ cells seem not to be distributed randomly but are localized to one side of the epithelium. It has been speculated that the location of the Lefty1 + cells marks the prospective anterior side of the embryo, but this has yet to be proven experimentally. Blastocysts grown in vitro to past the equivalent stage of implantation in vivo display asymmetrical localization of the Lefty1 + primitive endoderm (Takaoka et al. 2006 ). This has been taken as evidence supporting the concept that acquisition of this asymmetrical feature of the blastocyst is independent of any tissue interaction with the uterine tissue or developmental cues in the intrauterine environment. It also highlights that the breaking of symmetry in the blastocyst may not be associated with the physical action of implantation (Rossant and Tam 2009 ).
Early Allocation of Distal Visceral Endoderm Is a Prelude to the Formation of PD Axis
Lineage-tracing experiments have revealed that the Lefty1-expressing primitive endoderm cells are the precursors of the cells that populate the distal visceral endoderm (DVE) of the egg cylinder (Takaoka et al. 2011) . This finding raises the possibility that either the Lefyt1-expressing DVE precursors are endowed with the positional information for establishing the distal pole of the PD axis or that they are responding to the pre-set morphogenetic signals that navigate their movement and guide their differentiation. It may also suggest that the determination of the PD axis occurs early in the blastocyst. Interestingly, DVE cells do not appear to form the AVE, which is formed instead by the activation of AVE/DVE genes in the visceral endoderm in the vicinity of the DVE (Rodriguez et al. 2005; Torres-Padilla et al. 2007b; Yamamoto et al. 2009; Takaoka et al. 2011) . It is not clear whether the DVE itself provides the inductive signal or whether its
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Cite this article as Cold Spring Harb Perspect Biol 2012;4:a008235 presence reflects the underlying landscape of Nodal or BMP signaling activity that permits the generation of the AVE precursors. Physical or genetic ablation of the Lefty1-expressing DVE does not affect the formation of the AVE, suggesting that DVE is not necessary for the generation of AVE. The presence of Lefty1 + DVE, however, seems essential for initiating the movement of the AVE cells: Both populations move in concert to the prospective anterior side of the egg cylinder (Takaoka et al. 2011) . Whereas the AVE cells will halt when the leading cells reach the site defined by the proximal border of the epiblast (Rivera-Perez et al. 2003; Srinivas et al. 2004; Takaoka et al. 2011) , the DVE cells turn and continue to track a lateral and distal route (Takaoka et al. 2011) . Presently, the cellular and molecular mechanism underpinning the anterior-proximal movement of the AVE and DVE and the different migratory behavior of the two VE cell populations are not understood. Differences in the level of signaling activity, principally of Wnt and Nodal, that impact on cellular architecture (shape, protrusion formation, and cytoskeletal changes), motility, and proliferation, are reputed to play a role in the navigation of AVE/DVE cells. However, real-time imaging reveals that cells in the visceral endoderm display a pattern of displacement from distal to anterior-proximal and anterior-proximal to lateral -posterior and distal sites, resulting in a swirling movement of cells in the endoderm epithelium (Weber et al. 1999; Tam et al. 2001; Takaoka et al. 2011 ). This complex pattern of cell movement would have to be controlled by more than a simplistic mechanism of a graded signaling activity across one dimension of the egg cylinder.
The finding that DVE can influence the movement and localization of the AVE highlights the concept that the allocation of a specific population of the primitive endoderm cells to the DVE precursors launches the process of patterning the postimplantation embryo. A proper positioning and function of the AVE, enabled by the yet unidentified activity of the DVE, are required for the regionalization of the developmental fate of the epiblast, through input by the AVE cells into an interplay of signaling cascades involving Nodal, BMPs, and Wnt (Tam et al. 2006; Shen 2007; Tam and Loebel 2007; Takaoka and Hamada 2012) . Consequently, cells that are impacted by the AVE acquire anterior fate (contributing to head and brain structures), whereas those away from the AVE acquire posterior fate (forming the mesoderm and endoderm via the morphogenetic activity at the primitive streak).
CONCLUSIONS AND FUTURE DIRECTIONS
We propose that further studies involving detailed imaging of molecular events at the single-embryo and single-cell level hold promise to make the mouse blastocyst one of the best-understood models of embryonic cell lineage development. However, the linkage between blastocyst lineage segregation and the subsequent events of body axis formation is still unclear. There is presently no compelling evidence that the placement of cells that express lineagespecific gene activity in the primitive endoderm or the epiblast has any association with the pre-setting of the embryonic axis or body plan. It is nevertheless conceivable that the process of embryonic patterning could have been initiated during the formation of the blastocyst and that the primitive endoderm of the blastocyst and its descendants in the visceral endoderm are the repository and the source of the morphogenetic signals for axis determination. For future investigations, it would be imperative to explore the developmental mechanism of (1) the specification of cell types in the blastocyst that are endowed with patterning activity, such as the DVE precursors; (2) the morphogenetic process undertaken by these cells to specify the PD and subsequently the AP axis of the embryo; and (3) the establishment of the morphogenetic landscape that is first manifested by the congregation of the DVE to the distal site of the egg cylinder and then the directed movement of AVE/ DVE to the prospective anterior side of the embryo. Some useful mechanistic clues may be gleaned by re-analyzing the phenotype of existing gene-targeted mutant mice that display AP patterning defects during peri-implantation development, as well as by a focused screen of mutant mice generated by chemical mutagenesis that are reputed to display peri-implantation developmental arrest or lethality.
